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Abstract 


The decay of A, — gerip processes are calculated in the framework of 
heavy baryon chiral perturbation theory with help of the 1/N, expansion. The 
decay rate distributions over v v’ where v and v’ are the 4-vector velocities 
of Ay and x) respectively, and over the pion and lepton energies are given. 
The decay branching ratios amount to about 1.21(0.971)% for A, > “erly 
and 0.798(0.640)% for A, — Xžrlī by using the baryonic Isgur-Wise function 


predicted by QCD sum rule (large N. QCD). 
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I. INTRODUCTION 


Heavy baryons provide a testing ground to the standard model (SM). Experiments are 
accumulating more and more data on heavy baryons |fl|. For the theoretical calculation, the 
task is to apply model-independent methods of the nonperturbative QCD. For the heavy 
hadrons containing a single heavy quark, the heavy quark effective theory (HQET) [P] can be 
applied successfully. After combining the chiral symmetry, the low energy effective theory 
of HQET, the heavy hadron chiral Lagrangian (HHCL) [B] extends the application area 
further. Recently, the 1/N, expansion approach A incorporates in more understanding of 
QCD to the baryon sector. 

The heavy baryon decays A, = S)alp [5] are interesting from the point of view of the 
above mentioned approaches. In the heavy quark limit, the most interesting weak transitions 
A, > Ac and re) — © are simplified greatly. The numbers of the independent form factors 
are reduced to one and two, respectively in these two transitions. The decays A, — Sp 
[6] however, are predicted to be both 1/mg and 1/N, suppressed. They provide a test to the 
HQET. The decays A, + =) rl, on the other hand, are neither 1/mg nor 1/N, suppressed. 
They may be the dominant modes of the decays A, > ©) X, although they are phase space 
suppressed. We will calculate them in the heavy quark limit. The calculation involves in 
the HHCL by assuming the pion being soft. It also needs the three form factors of A, > A. 
and ge — X(*). In the large N. limit, there is a light quark spin-flavor symmetry in the 
baryon sector. This leads to the fact that only one form factor is independent among the 
three ff. It is argued that this result is true until to the order of 1/N? BJ. 

This paper is organized as follows. In Sec. II, after a brief review of the HHCL, the 
invariant matrix elements of the decays are calculated in this framework with the help of 
the 1/N. expansion. Sec. III describes necessary kinematics for the phase space integration 


and presents the numerical results. The discussion and summary are made in Sec. IV. 


II. DYNAMICS 


The dynamics of the decays A, — X(Orlo is shown in Fig. 1, which includes both the 
strong and the weak interactions. The strong interaction is described by the HHCL in the 
case of the pion being soft. The chiral perturbation theory is the low energy effective theory 
of QCD for the light pseudoscalar mesons. These mesons are regarded as the Goldstone 
bosons due to the spontaneous chiral symmetry breaking SU(3), x SU(3)p, — SU(3), in 
QCD. The eight Goldstone boson fields, namely the pion, the kaon and the 7-meson fields, 


can be represented in the nonlinear exponential form [9] 


X = exp(2iã/ f) , (1) 
where 
Ino t fin xt Kt 
= — — _ Ț1—0 1 0 
T f T yir + yin K , (2) 
K- K? — 31 


and f is the pion decay constant, f = 93 MeV. It is convenient to introduce 
E= VE = expliã/ f). (3) 
X and £ transform under the chiral symmetry as 
Yo LER, €— LEUT=UER', (4) 


where L(R) e SU(3), (g) and the special unitary matrix U is a complicated nonlinear function 
of L, R, and 7. To the leading order of the derivative expansion, the effective Lagrangian 


for these Goldstone bosons is 
1 +2 yt 
Ly = af Tr(025' g). (5) 


Heavy baryons can be included in the chiral Lagrangian formalism. The ground state 


heavy baryons can be classified into two categories. One is the SU(3),, sextet field si which 
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describes the heavy baryons whose light quarks have one unit of angular momentum. The 
resulting total angular momentum of these baryons is either 1/2 or 3/2. By is written as 
[0] 


ia 1 1+ ore S 
Sji(v) = Vīta +) th py + LEP ps, (6) 


where v is the 4-velocity of the heavy baryon. BY is the Dirac field and By is its spin-3/2 


counterpart. B’ represents the following 3 x 3 matrix 


+1 Lyo 1 ots 
~Q to va 
= 1 0 i dalā 
Lots 


= La’ 2 
are vo Ng 
and B% has a similar form. The superscripts denote the charge and the isospin. Under the 
chiral symmetry, St transforms as 
9] PUTS Us (8) 
Under the heavy quark spin SU(2), symmetry, 


Su exp!“ S. Sips (9) 


where S, is the SU(2) generator and € is an infinitesimal parameter. The other component 
in the classification is the SU(3),, anti-triplet field T; corresponding to the baryons whose 
light quarks have zero angular momentum. The resulting total angular momentum of the 


baryons is 1/2. It can be expressed as 


1 
To) = Ep, (10) 
where the Dirac field B; stands for 
Betyr S-E; B=Ag. (11) 


Under the chiral symmetry, it transforms as 


G= (12) 


Under the SU(2),, it transforms just like (9). 
To the leading order of the derivative expansion, the effective Lagrangian of the strong 
interaction of a and T; with the Goldstone bosons, which is invariant under the chiral 


symmetry and the heavy quark symmetry is E] 


Li = 5 ļ — ikv . DSi LA e DT ig2EpvoaS kv ( A”), (SĂ e 
heavy quarks 
talea (AP) SE + e 54): + ABS), (13) 


e where g;'s (i = 1,2,3) denote the coupling constants and the covariant derivatives are 


DS = ONS) + (VRS! + (VES 


DT, = FT,- T;(Vt)i , (14) 
and 
O Vi = š(elū'€ + cort!) , 
A* = Si(ctare — cort) (15) 


The mass difference between the sextet and the anti-triplet baryons is 


A = ms —mr. (16) 


We have neglected the mass differences between the Mg and UG which is 1/m9 suppressed. 


The weak interaction of b — clv is described by 


4G r = ,1- 45 lg 
Jas = RR Ve ly b , 1 
= Veb dA a vi) (Vp 5 ) (17) 


and the hadronic current in the heavy quark limit can be re-expressed by the matter fields 


as 


lo -oT 2 (0)} , (18) 


where 7, m, and 72 are the Isgur-Wise functions. And with the definition w = v-v', the 


perturbative QCD correction factor Ce is 


— 35 (v-v') 

/ etme) i | i 

Calu- v) = , 
i E a's (JA) 
alw) = = [4 n (w + Var? 1) — 1). (19) 
27Vw? — 1 
In the large N, limit, the Isgur-Wise functions have the following relations [718] 

n(w) = mt), ml) = A (20) 

w+1 


In calculating Fig. 1, the spinor sum relations for the Dirac and Rarita-Schwinger types 


are used, 
Lul, sjat, s) = T, 
Urlo, sA lo, s) = [gh + oto tE H — wry] EL, (21) 


where u(v, s) is the Dirac spinor and U (v, s) is the Rarita-Schwinger spinor. We obtain the 


squared invariant matrix elements as 


16G? pv’ py vA 
= Pi Vel Co? —— 5—1 i 
(Dr -v+ A) (Pr: v + A) 


15 |Mfds(v) = Delo" )alv)? 


= 22 
2 spin 3f? l ) 


where 


A = 2(pr - Vv) pr V + 2(pr A + 4(pr V) (pr v)? + 6(pr:v)pr VA 
Hor v) Awt 3(pr V) A? — (pr - v)"mau = (pr: i) my 
+2p, - V(pr V)? + 6pr - v(pr:v')A — 2pr- pr v Au + 2pr V pro VA? 
—2Pr* Vpr UM2U — 2pr V pr v'm? — 4p, -vAm2w — 4p, -vAm?2 
+2(pr- UFA + (pr v')P?PAPw + 3(pr -v PA? — (pr - wma 
—(p+ - v')2m2 — 4p, -v'Am?w — 4p, -v' Am? — 4A2m2w — 4A?m?) , 


(23) 


and 


l 
2 


B 
ga! Val" Can 7 


16G2 
5y A > *(vJrlv)|? = F 
|M( blv) ae )r v)| Pr + V + A)? (pr eu! + A)? i 


E 3f2 (24) 


where 


B = —pi: py (Pr: V)” (pr: vw — pi: pu (Pr V) (pr: + pi: Py (Pr v)? Mew 


+pi- Dv (pr: V)? m2 — 2pi: pu Pr V (pr: V)” Aw — 2pi: py pr: V (pr: VA 


+-2pi + py Dav Am2w + 2p: py Pr v Am; — pi: py (Pr v AU 
—pi: Py (Pr: VYA? + pi: py A*m2w + pi: py Ami 

+4p;,-0' pu (pa: pr v + 4p, - v puu (Prv)? A 

—Apy-v! pu: (pr: (pr v!)?w + dpi: vl py V (pr V) (pp -v')? 


+12p, i v' Pv: U (Pr i v)? Pr ` vA F 2p; i v' Pr: V (Pr ` v)’ A’w 


= Homso py-v (pr: t)” A? + 2p,- 0! py Vv (pe v)? maw 


Pamen py: (pr: 9) ma + dpi VP, V Pr t (pr v')? 

= —8Pi* V" P, V Prd (Prt) Aw + 4py- t py sv Prod (prev A 

—4p,-0' Py V Pr V pr V A?wt+ 4p: v pu: VU pru prv A? 

—4P) * V! py U Pr Da mew —Ap,-v! py V pr: Prv m? 

+4p,-0' py v (pa VA — 2p V! py V (pr vi) A 

Fomo p,-v (pr: VA? — 2p! py V (pe -v')Pmiw — 27: V p, V (pr t) 
—8p,-v' p, V pr v A mew — 8p,-u' prU prv A mÈ —4p,-v' p, v A? mew 


—4p,-v' p v A? m2. (25) 


In Eqs. (2225), pz, pı and p, are the momentums of the pion, lepton and neutrino, 


respectively. 


II. KINEMATICS AND RESULTS 


The kinematics of the four-body decay has been described in Ref. [II]. It is shown in 


Fig. 2. Under the definition of 


su = (Pye) +Pr) , sLp=(p+p), (26) 


the total decay rate is given by 


~ ma, (27)? 2E vw) (27)52E, (27)82E, (20)82E, 


x(21)16(pa, — Pye = pi -v3 x me) 


spin 


1 2 
ee eee cos Od cos hido (5 MI ; (27) 


spin 


1 1 
x= =(mă, + shy + 82 — 2m4, su — 25H S1 — 2m4,8)” = Ma, (Eye +E,)?— su, 


2 
1 1 
p= E —l(su +m — m =) — 4misul? , (28) 
H 
and E E, are measured in A, rest frame. 


eh) 
To get the decay rate distributions, the following values are used, 
x ma, = 5.64 GeV, mu) = 2.453 GeV, f= 0.093 GeV, 


Vo = 0.041, Agcp = 0.2 GeV, A = 0.2 GeV. (29) 


The value of g3 is 0.99 [12]. We adopt two forms for n(w). One is a linear fitting of the result 
from QCD sum rule 7(w) = 1 — 0.55(w — 1) [L3]; and the other is an exponential function 
from large N. QCD y(w) = 0.99 exp[—1.3(w — 1)] [14]. 

The numerical results of A, — aly and A, — Xinlv are given in Figs. 3 and 4, 
respectively. The decay rate distributions on w = v-v', pion energy and lepton energy are 
shown. The results of the two kinds of Isgur-Wise function are compared. 


The total decay rates are obtained as 


T(A, > X.nlī) = 6.45 x 107 (5.20 x 10-15) GeV, 


T(A, — Ximlī) = 4.27 x 10715 (3.43 x 1075) GeV, (30) 


and hence the branching ratios are 


B(A, > Eorl) = 1.21 (0.971) %, 


B(A, > X*mli) = 0.798 (0.640) % , (31) 


for the linear (exponential) p(w). Compared with the result of A, > Acv [J], P(A, — 
Xenlv)/T(A, > Adv) = 10.5 (11.5) %, and F(A > Ežrlv)/T (A > Adv) = 6.94. (7.59) %. 
They are less dependent on the Isgur-Wise function because of the partial cancellation of it 


in the ratios. 


IV. SUMMARY AND DISCUSSION 


We have calculated the decays A, — rly in the heavy quark, chiral and large Ne 
limits. The differential decay spectra are presented. The branching ratios are obtained as 
B(A = Send) = 1.21 (0.971) %, and B(A, — žfrlī) = 0.798 (0.640) % with y(w) from 
QCD sum rule (large N. QCD). 

Let us discuss the accuracy of these approximations. First, consider the finite heavy 
quark mass correction. We have taken mg — oo. Generally the size of the 1/mg correction 
can be around Agcp/m. = 20%. The detailed consideration indicates that the correction 
maybe smaller. In the calculation, there are two places where the heavy quark limit is 
applied. One is in the weak transition where the quark current was replaced by the baryonic 
matrix elements. For the A, — A, transition, the 1/mg correction was calculated to be 11% 
[5]. However, there is no estimation for the 1/mg correction to the x(* — %(*) transition. 
It is experiential to guess that the correction in this case is also at the 10% level. The other 
place where the heavy quark limit was used is in the description of the strong interaction, 
namely in the HHCL. The difference between the coupling g3 for the bottom guark and 
that for the charm quark, and the difference between the masses of Ng and UG, have been 
neglected. Theoretically these differences are both 1/mg and 1/N? suppressed [16]. Note 


that practically mx: — my, = 60 MeV [I which is smaller than the pion mass. Hence the 


a A : 
correction in the second place is very small ~ 332 ~ 2%. From the above discussion, we 
e Me 


expect that the 1/mg correction to our results is less than 20%, and is probably around 
10%. 

Second, the validity of the soft pion limit should be addressed. The calculation is valid in 
the phase space region where the pion energy is smaller than the chiral symmetry breaking 
scale which is argued to be at 4a f = 1.2 GeV [9]. Therefore for a large part of phase space, 
the calculation is expected to be reliable. However, the subleading terms in the derivative 
expansion in the effective Lagrangian have been omitted. And because of the unknown 
coefficients of the subleading terms, it is still not possible to include them in the calculation. 
The correction due to these terms is at the order of v - p,/4af or v' - pr/4rf which is less 
than 30% if the pion is really soft, say E, < 0.5 GeV. For the total decay rate, the results 
we have obtained maybe subject to larger correction. 

Finally, the 1//V, expansion used in the calculation needs to be explicated. The calcula- 
tion needs the information of the three Isgur- Wise functions of the transitions A, — A, and 
=) — ©). In the large N, limit, the three form factors are related to each other [7]. These 
relations are argued to be valid to the order of 1/N? [P] due to the light quark spin-flavor 
symmetry in the baryon sector in the large N. limit. The argument goes like that as in Ref. 
J. It is the relation among the form factors, not the knowledge about the form factor itself, 
that we are considering. Therefore the application of these relations causes 1/N2 = 10% 
uncertainty. 

Up to the above approximations, the calculation is in principle model-independent. To 
get the final numerical results, the model result for the A, — A, Isgur-Wise function has to 
be used. This step brings one more source of uncertainty. According to the model results 
we adopted, the uncertainty is at 20% level. 

The decays A, — X(rlī are indeed experimentally interesting according to our results. 
The estimated branching ratios of the decays are not small. The experiment has been 
studying the channel A, — Alo [7]. A lot of data on A, can be expected to emerge in the 
near future from CDF, D0, HERA-B, and LHC-B and so on. With high statistics of the 


data, the decay channels A, — X(xlē can be discovered. 
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In the near future, more reliable theoretical results for the baryonic Isgur- Wise functions 
can be obtained, even for that appear in the subleading order of the heavy quark expansion, 
from lattice HQET or the other model-independent methods. That will give more accurate 
results of the decay distributions and decay rates. The uncertainties due to the heavy quark 
limit, large N. limit and the model-dependence can be reduced to 10% or smaller. In this 
case, the precise experimental measurement for A, — xrlē will give more information 


about the validity range of the HHCL. 
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FIGURE CAPTIONS 


Fig. 1 Tree level diagrams for A, + lv. Solid square(circle) indicates the weak(strong) 


interaction vertex. 


Fig. 2 The kinematics of A, — E®rlv. Two planes represent the final state hadron and 


lepton c.m. frame, respectively. The dashed line is the flight line of sy and sr. 


Fig. 3 Decay rate distributions for A, — Xenlv over (a) w = v-v, (b) pion energy, and (c) 
lepton energy. Solid lines are the results of linear n(w) (QCD sum rule), while the dotted 
lines are the ones of exponential n(w) (large N.). All the energy scales are in GeV, and the 


distributions are plotted in units of 10714 or 10-15 GeV. 


Fig. 4 Decay rate distributions for Ay — Utalv over (a) w = v-v’, (b) pion energy, and (c) 
lepton energy. Solid lines are the results of linear ņ(w) (QCD sum rule), while the dotted 
lines are the ones of exponential n(w) (large N.). All the energy scales are in GeV, and the 


distributions are plotted in units of 10714 or 10-15 GeV. 
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